ABSTRACT The aim of this short review is to describe the contribution of Xenopus laevis egg extracts to the discovery and understanding of the regulation and function of the serine/threonine kinase Aurora-A. The power of these extracts to recapitulate cell cycle events makes them a precious tool to decipher complex biological processes at the molecular level, including the mechanisms that affect Aurora-A (post-translational modifications) and mechanisms in which Aurora-A plays a crucial role (bipolar spindle assembly). We focus on the results obtained in cell-free extracts, but we also give an updated overview of Aurora A functions found in other systems.
Amphibian oocytes and eggs have been used to study the regulation of cell cycle controls at the biochemical level since the seventies. Oocytes and eggs are naturally arrested at particular stages of cell cycle. Xenopus laevis oocytes are arrested in prophase of meiosis I while unfertilized eggs (or matured oocytes) in metaphase of meiosis II through the action of CSF (cytostatic factor). The transition from prophase I to metaphase II in oocytes can easily be induced in vitro by using progesterone or insulin (Fortune et al., 1975) (El-Etr et al., 1979) . When fertilized, the egg enters intense phases of cell divisions with a succession of S and M phases without any G phases. All these divisions occur without transcription and without any gain of volume of the embryo. It is only at stage 12 that the G phases appear together with transcription and the differentiation of future tissues begins. To ensure all these rapid divisions the unfertilized egg (or mature oocyte) has stored during oogenesis a large amount of proteins involved in cell cycle regulation. To make a rough estimate, one female Xenopus laevis can lay several thousand eggs, and one egg contains the same amount of proteins as 10 6 HeLa cells. For these reasons Xenopus laevis eggs have become a suitable and affordable model to study the biochemistry of cell division. In addition, protein extracts prepared from oocytes and eggs recapitulate many biological events and in particular those of the cell cycle, such as oocyte maturation, DNA repair, DNA replication, spindle as-sembly, signal transduction etc. (Maller, 2012) . Extracts are easy to manipulate for structure/function studies. For instance, proteins can be depleted using antibodies, and mutated protein added to assess their function. Several protocols have been published to facilitate extracts' use and most of them are available on the Xenopus web site (http://www.xenbase.org) (James-Zom et al., 2015) Eg2: the Xenopus Aurora-A Eg2 corresponds to an mRNA that was found polyadenylated and translated in Xenopus laevis eggs and deadenylated in cleaving embryos (Paris et al., 1990) . Celf1 (EDEN-BP, CUG-BP) RNA binding protein controls the deadenylation of this mRNA after fertilization (Detivaud et al., 2003) (for more details on Eg2 mRNA regulation see below). The cDNA of Eg2 turn out to encode a protein kinase that belongs to the Aurora kinase family. Aurora kinase was first discovered in Drosophila and named by the group of David Glover. They described the mutants showing defect in centrosome separation, which induced monopolar spindle formation (Glover et al., 1995) . A kinase named Ipl1 for "increase in ploidy 1" had also been identified in yeast (Chan and Botstein, 1993) . The interest in this kinase rapidly increased when it was found overexpressed in breast cancer cell lines (Sen et al., 1997) and demonstrated to be an oncogene (Bishoff et al., 1998) (Zhou et al., 1998) The first Aurora-A function discovered in Xenopus cell-free extract
The function of the kinase was identified using Xenopus leavis egg extracts. Protein extracts were prepared from metaphase-arrested oocytes (unfertilized egg), from which the kinase was eliminated by immunoprecipitation using a specific monoclonal antibody. The extract was incubated with demembraned sperm nuclei (source of DNA) and rhodamine-labelled tubulin (to visualize the microtubules) in the presence of calcium to mimic fertilization and trigger exit from metaphase II. The extract replicated DNA and formed nuclei. At this point fresh extract from UFE was added to arrest the extract at metaphase. While bipolar mitotic spindles were assembled by the control extract, only abnormal spindles (monopolar) were observed in extracts lacking Eg2 (Aurora-A) (Roghi et al., 1998) . This study reported that Eg2 was a centrosome protein that binds to microtubules and its kinase activity was required to assemble bipolar mitotic spindle. This was further confirmed by others showing that in Xenopus laevis egg extracts Aurora-A belongs to a protein complex that participates in nucleation of microtubules dedicated to mitotic spindle assembly (Koffa et al., 2006 ). More precise function of the kinase was demonstrated when beads coated with Aurora-A and incubated in Xenopus laevis egg extract were found to behave just like centrosome's MTOCs (Microtubule Organizing Center). These beads assembled bipolar spindles in the presence of RanGTP in an Aurora-A kinase activity dependent manner (Tsai and Zheng, 2005) . Thus, Aurora-A kinase is not only required for bipolar spindle assembly, but is directly involved in the regulation of microtubule nucleation (Sardon et al., 2008) .
Aurora-A mRNA regulation via polyadenylation and deadenylation
As mentioned above, the Eg2, later named Aurora-A, was discovered due to the particular behaviour of its mRNA in oocytes and embryos of Xenopus laevis (Paris et al., 1990) . In short, this maternal mRNA was polyadenylated and translated in eggs and deadenylated after fertilisation. In the same screen other maternal mRNAs showing the same behaviour were identified and named Eg1, 2, etc. (for Eg as "egg"). Many of these clones were further identified as important genes regulating cell cycle or embryo development. Eg1 is CDK2, Eg3 MELK kinase, Eg5 a microtubule-associated kinesin, Eg7 a condensing complex partner protein, a homologue to human hCAP-D2. In contrast, identified by this screen Cl clones (Cl1 and Cl2) were polyadenylated following fertilisation. Cl2 was later identified as Saccharomyces cerevisiae SUP45 (also called SUP1 or SAL4) gene (Tassan et al., 1993) , and Cl2 as a homologue of Limb-bud and Heart (LBH) protein (Takada et al., 2005) .
The regulation of thee maternal mRNAs was also studied in cellfree extract of Xenopus oocytes and embryos. The deadenylation of Eg-type mRNAs including Eg2/Aurora-A mRNA depended on a short sequence element in their 3' untranslated region (3'-UTR) named EDEN (Embryo-Deadenylation ElemeNt; Bouvet et al., 1994) . A protein called EDEN-BP (for EDEN-Binding Protein, further renamed for Celf1) was identified to bind to EDEN and to be necessary for these mRNAs deadenylation (Legagneux et al., 1992) . Short polyadenylated plasmids containing EDEN sequence placed in cell-free extracts of embryos were efficiently deadenylated when EDEN-BP was present. The regulation of EDEN-BP was also tested in cell-free extracts. Calcium addition to CSF extract triggered activation of the extract, entering the embryo interphase, deadenylation of Eg2 3'UTR-containing sequences mRNA and the rapid dephosphorylation of EDEN-BP (Detivaud et al., 2003) . Phosphorylation of EDEN-BP and its deadenylation activity toward Eg2 mRNA was found to be mediated by CDK1 (MPF for M-phase Promoting Factor) and ERK2 MAP kinase. Accordingly, EDEN-BP was highly phosphorylated and inactive when the activities of these kinases were high during oocyte maturation, and was dephosphorylated and active when CDK1 and ERK2 were inactivated following fertilisation (Detivaud et al., 2003) . These results showed an important interrelationship between the cell cycle regulation and maternal mRNAs regulation including Eg2/Aurora-A mRNA during Xenopus laevis oocyte maturation and early development.
Aurora-A function during oocyte maturation
Stage VI oocytes in Xenopus laevis are arrested in G2 waiting for an outside signal triggering meiotic maturation. This signal is provided by progesterone that through binding to a receptor will trigger the decrease of PKA activity and the activation of signal transduction leading to oocyte maturation. Several cascades of kinase activation eventually lead to the production of c-mos and the activation of MAPK and MPF. A screen designed to search for proteins activated early after progesterone binding identified Aurora-A as one of the first kinase to be phosphorylated and activated (Andrésson and Ruderman, 1998) . Aurora-A was found to induce the translation of c-mos mRNA by phosphorylating and regulating the cytoplasmic polyadenylation element binding factor (CPEB) (Mendez et al., 2000) . Aurora-A was then found to be involved in the regulation of mRNA translation.
Regarding the activation of Aurora-A early after progesterone treatment, other groups reported that Aurora-A activity was not detectable in prophase oocytes, but activated in parallel to MPF (Frank-Vaillant et al., 2000) . However, progesterone does trigger Aurora-A biosynthesis and accumulation during oocyte maturation, but its phosphorylation and activation depends on MPF activation and not on c-mos/MAPK pathway activation (Maton et al., 2003) . This was also confirmed by the study showing that Aurora-A activation followed two M-phases during oocyte maturation at metaphase of meiosis I and at metaphase of meiosis II, exactly like MPF activity (Ma et al., 2003) . This biphasic activation of Aurora-A was later explained by finding that Aurora-A was phosphorylated on Ser349 between meiosis I and meiosis II and that this phosphorylation down regulated its kinase activity (Pascreau et al., 2008) .
The kinetics of Aurora-A activation and the role of CPEB phosphorylation by Aurora-A during Xenopus laevis oocyte maturation remain to be clarified. In porcine oocyte maturation for instance no link has been found between CPEB and Aurora-A (Komrskova et al., 2014) . However, Aurora-A is clearly involved in mRNA translation. In Xenopus laevis, Aurora-A binds to and phosphorylates Maskin, an RNA binding protein which homolog in human is called TACC3 (Transforming Acidic Coiled-Coil containing 3) (Still et al., 1999) , to repress during meiosis I the synthesis of proteins required only for meiosis II (Pascreau et al., 2005) . The requirement of Aurora-A in meiosis I-II transition has also been reported (Castro et al., 2003) . Phosphorylation of TACC3/Maskin by Aurora-A was identified during mitosis and was related to centrosome localisation of TACC3 and bipolar spindle assembly (Giet et al., 2002) (Barros et al., 2005) .
Regulation of Aurora-A by degradation
The first studies reported either an absence of destruction box (D-box) in Aurora-A or the presence of potential destruction box and a potential KEN-box (Honda et al., 2000) (Walter et al., 2000) . The demonstration of the presence of a fully functional destruction box in Aurora-A was done using Xenopus leavis XL2 cell extracts and recombinant Xenopus laevis Aurora-A kinase (Arlot-Bonnemains et al., 2001) . The D-box was identified at position 378-381 in the C-terminal end of the protein. The D-box was found conserved not only in Aurora-A from other species, but also in all Aurora-A, -B and -C kinases (Arlot-Bonnemains et al., 2001) .
The D-box of Aurora-A was further studied in Xenopus laevis egg extract. This study showed that the D-box dependent degradation of Aurora-A was driven by the anaphase-promoting complex/cyclosome (APC/C) activated by Fizzy-related (Cdh1 in human) (Castro et al., 2002a) . The putative KEN-box of Aurora-A was found to be nonfunctional in the same study. 
Regulation of Aurora-A by phosphorylation
Aurora-A belongs to the family of serine/threonine kinases activated by phosphorylation of a threonine residue in the activation loop of the kinase (Walter et al., 2000) . The exact mechanism of activation was deciphered in Xenopus laevis egg extract (Tsai et al., 2003) (Eyers et al., 2003) . Binding of Aurora-A to its activator TPX2 (Targeting for Xklp2) triggers intermolecular autophosphorylation of T295 (T288 in human) (Eyers et al., 2003) and protects T295 from being dephosphorylated by the phosphatase PP1 (Tsai et al., 2003) . This has been observed when (His)6-tagged Aurora-A prepared from insect cells (Sf9) or from bacteria (E. coli) were used for kinase assay. Aurora-A purified from Sf9 had to be treated with okadaic acid to inhibit the phosphatase PP1 that co-purified with the kinase, while it was not necessary when Aurora-A was purified from bacteria. While TPX2 binds to and activates Aurora-A, the INCENP (Inner Centromere Protein) plays the same role for Aurora-B (Adams et al., 2000) . The way the TPX2 differentiates between Aurora-A and -B has been identified at the structural level (Bayliss et al., 2004) . A single amino acid change G205N in Xenopus laevis Aurora-A is sufficient to abolish activation by TPX2 (Eyers et al., 2005) , and the same mutation in human (G198N) transforms the Aurora-A kinase into an "Aurora-B like kinase" that can be activated by INCENP but not by TPX2 (Hans et al., 2009) .
Although phosphorylation of the threonine in the activation loop is essential to obtain an active Aurora-A kinase, the protein is subjected to other phosphorylation events that can either up-regulate or down regulate its kinase activity. In Xenopus laevis egg extract Aurora-A is phosphorylated on Serine 349 and the mutation S349D completely abolished the kinase activity ) (Haydon et al., 2003 . The purpose of this phosphorylation in vivo is to down-regulate Aurora-A kinase activity during oocyte maturation between meiosis I and meiosis II. Indeed, during this period Aurora-A kinase activity decreases by approximately 50% (Pascreau et al., 2008) . Phosphorylation of S349 is not due to autophosphorylation per se, because active Aurora-A can not phosphorylate S349 (Pascreau et al., 2008) . However, when Aurora-A is primed through phosphorylation of S290/S291 by the glycogen synthase kinase 3 (GSK-3), then Aurora-A S290 p /S291 p does autophosphorylate its S449 (Sarkissian et al., 2004) . Phosphorylation of S349 can also be performed in vitro by the kinase xPAK1 (p21-activated kinases 1) that is required for spindle assembly (Vadlamudi et al., 2000) . In vitro phosphorylation of Aurora-A leads also to a 50% decrease of its kinase activity (Pascreau et al., 2008) . In human cells, the same serine S342 has been found phosphorylated in G2 arrested cells when the DNA damage checkpoint is activated. It also down regulates Aurora-A activity (Krystyniak et al., 2006) .
Another site has been identified in Aurora-A, that serves as an up-regulation site, but only in human kinase (S89) that had been phosphorylated on T288. This serine is an autophosphorylation site that becomes phosphorylated at the centrosome in the presence of the chaperone protein nucleophosmine (Reboutier et al., 2012) . Although S89 is conserved in Xenopus laevis Aurora-A, its phosphorylation has not been proven yet to stimulate its kinase activity. For details see Fig. 2 . protein phosphorylation, but also at the functional level. Indeed, the egg extracts are used to assemble bipolar mitotic spindle that can be visualized by fluorescence microscopy (Sawin and Mitchison, 1991) . Because the protein of interest can be depleted from the extract and replaced by a mutated version of the same protein (Walczakat al., 1996) and because Aurora-A is involved in bipolar spindle assembly (Roghi et al., 1998) Xenopus egg extracts have been extensively used to study Aurora-A substrates.
Aurora-A substrates identified in Xenopus
Eg5 mRNA was identified in the same screen as Eg2 mRNA in Xenopus laevis (Paris et al., 1990) . Eg5 mRNA that encodes a molecular motor (Le Guellec et al., 1991) had been renamed kinesin-5. (Lawrence et al., 2004) . Because the depletion of Aurora-A (Eg2) or kinesin-5 (Eg5) from egg extracts show the same phenotype during spindle assembly, i.e. the formation of monopolar spindles, we asked whether the kinesin-5 could be a substrate of Aurora-A. Indeed, Aurora-A phosphorylates kinesin-5 in its stalk domain, however, the functional role of this phosphorylation still remains unclear (Giet et al., 1999) .
Using Xenopus egg extract we also demonstrated that Aurora-A (but not Aurora-B) phosphorylates the tail of histone H3 on Serine 10. This phosphorylation event is required for chromosome assembly (Scrittori et al., 2001) . Since the discovery that Aurora kinase substrate in human cells where phosphorylation of its serine 315 was found to lead to a destabilisation of the protein, while phosphorylation of serine 215 inhibited DNA binding properties of p53 (Katayama et al., 2004 )(Liu et al., 2004 . In Xenopus laevis egg extracts, p53 inhibits Aurora-A activity unless Aurora-A was previously bound to TPX2 (Eyers and Maller, 2004) . In this last case Aurora-A phosphorylates p53 on serines 129 and 190 (equivalent of human S215), which abrogates p53 transactivation activity (Pascreau et al., 2009 ).
Spindle assembly
As mentioned at the beginning of this article, Aurora-A is involved in bipolar spindle assembly (Roghi et al., 1998) . The detailed mechanism of its action became clear after understanding of the role of its substrates and activators TPX2, HURP and MCAK. The kinase is activated by TPX2 in a Ran dependant manner (Tsai et al., 2003) . Ran is a GTPase protein (ras-related nuclear protein). Its guanine-nucleotide-exchange factor is the protein RCC1 (Regulator of chromosome condensation 1) that loads the GTP on Ran. In G2 phase RCC1 localises on chromosomes with Ran-GTP and TPX2 being sequestered by importin-b in the cytoplasm. Upon phosphorylates H3 serine 10, a peptide corresponding to the tail of H3 tagged with GST is currently used together with an antiphosphoserine 10 antibody as an in vitro substrate to assay the Aurora kinases activity (Hsu et al., 2000) .
Maskin (TACC3 in human) was identified as a Xenopus laevis Aurora-A partner in a two-hybrid screen (Pascreau et al., 2005) . Phosphorylation of maskin seems to participate in the inhibition of the translation of some mRNA (masked mRNA). However, it is not the only role of this phosphorylation because it was also demonstrated in Xenopus egg extracts that maskin localisation and function in spindle assembly depends on Aurora-A activity (Peset et al., 2005; Kinoshita et al., 2005) . An interaction between D-TACC (Drosophila maskin) has previously been reported. Aurora-A is required for D-TACC localisation and function in the nucleation of microtubules from the centrosomes (Giet et et al., 2002) . The serine residue in maskin phosphorylated by Aurora-A is conserved in Xenopus, human and Drosophila.
The p53 was first identified as Aurora-A Fig. 3 ). TPX2 and maskin are two of these importin-b sequestered factors (Albee et al., 2006) . Although, as described above, maskin is an Aurora-A substrate which phosphorylation regulates mRNA translation maskin is also directly involved in bipolar spindle assembly. Depletion of maskin from Xenopus laevis egg extracts leads to short microtubule asters and abnormal spindle formation. Interestingly enough, rescue experiments revealed that maskin is required for at least two steps in spindle assembly (O'Brien et al., 2005 ) (Kinoshita et al., 2005 ) (Peset et al., 2005 .
The hepatoma up-regulated protein (HURP), is another protein sequestered by importin-b (Silljé et al., 2006) . It is also a substrate of Aurora-A. In human cells the HURP is phosphorylated on S627, S-S725, S-S757 and S-S830 by Aurora-A, which contributes to the stabilization of the protein (Yu et al., 2005) .
To build a bipolar spindle in Xenopus laevis egg extract, microtubules must be first nucleated from MicroTubule Organising Centre (MTOC) to form asters that will further organise bipolar spindle. The Mitotic Centromere-Associated Kinesin (MCAK) is a key player in these events and is also phosphorylated by Aurora-A. MCAK localises at the centre of MTOC where it participates in spindle pole focusing required to form spindles in an Aurora-A dependent manner. Aurora-A also regulates MCAK localisation at spindle poles by phosphorylating S719 (Zhang et al., 2008) . Beads coated with Aurora-A kinase can organise MTOC in the presence of RanGTP. These MTOC not only nucleate microtubule but also recruit factors essential to build a spindle (Tsai and Zheng, 2005) . Thus, Aurora-A plays a central role in bipolar spindle assembly in Xenopus laevis egg extract.
Conclusion
Since its identification in 1995, Aurora-A kinase has become one of the major protein kinase regulating cell cycle progression. Very early, Aurora-A attracted a lot of attention because its kinase activity is directly linked to cancer. Thus, the novel chemotherapeutic approaches in cancer treatment may potentially involve inhibitors of Aurora-A (D'assoro et al., 2005) (Marugán et al., 2016) . Since 1998, Xenopus egg extracts have been crucial for understanding the function and regulation of Aurora-A, and we do not take too much risk to say that they will continue to help us to better understand the roles of this kinase in the future.
